Study Objectives: Paradoxical sleep (PS) has been shown to play an important role in memory, in particular in emotional memory processes. However, the involvement of this particular sleep stage in the systemic consolidation of remote (30 days old) memory has never been tested. We examined whether post-learning PS could play a role in the consolidation of remote fearful memory and in the brain network reorganization that depends on it.
Introduction
Episodic memories can last for a lifetime, especially when they are related to emotional events. Although one may be under the impression that these memories remain stable over time, it has been shown that their biological substrates can be deeply reorganized with time promoting the consolidation of the memory trace [1, 2] . This transformation of the engram had been studied in both humans and animals, and studies suggest that a stronger reactivation of neocortical neuronal networks is observed during recall of remote memories than for recall of recent memories [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . This process called systemic consolidation is thought to represent the neuronal basis of memory transformation [1, 8] . The first evidence of systemic consolidation was the observation of a temporally graded retrograde amnesia in patients with medial temporal lobe lesions such as HM [3] . This observation led to the idea of a progressive disengagement of the hippocampus (HPC) over time, confirmed thereafter by several studies, especially those using contextual fear conditioning (CFC) in rodents [4, 5] . This progressive disengagement of the HPC would be accompanied by a progressive engagement of neocortical regions, and particularly of the prefrontal cortex [5, 9, [12] [13] [14] [15] [16] . Since then, however, other studies have shown an involvement of the HPC even at remote delays [16] [17] [18] . Goshen and colleagues thus showed that recall of remote contextual fear memory is supported by both the dorsal HPC (dHPC) and the anterior cingulate cortex (ACC), an area of the medial prefrontal cortex (mPFC), as the optogenetic inactivation of either one of these structures impaired recall of remote memory. These results suggest that the consolidation of remote memory involves a balanced reorganization of cortico-hippocampal networks instead of an all or none hippocampal disengagement and neocortical activation as initially proposed by the multiple trace theory [8, 17, 19] .
A largely accepted hypothesis is that post-training sleep facilitates memory consolidation [20] [21] [22] [23] [24] [25] [26] . In humans, it has been shown that retrieval of remote memory recruits different networks depending on whether subjects were sleep deprived or not after learning [7] . Sleep can be segregated into two different stages: slow wave sleep (SWS) and paradoxical sleep (PS, also called rapid eye movement sleep or REM sleep). Based on their electrophysiological and neurochemical differences, these two stages are supposed to play different roles on different types of memory [21, 23] . PS has thus been closely linked to emotional memory processes [27] [28] [29] , and several studies in both human and animal shown a role for post-learning PS in emotional memory consolidation [30] [31] [32] [33] [34] . However, until now, none of these studies has examined whether post-learning PS plays a role in the consolidation and systemic reorganization of remote memory.
Several studies have demonstrated the crucial role played by PS in the expression of long-term potentiation (LTP), a form of long-term synaptic plasticity critical for memory consolidation [33, [35] [36] [37] . Based on several studies [38] [39] [40] and on the particular physiology of PS (involving a low level of adrenergic transmission, but a high level of cholinergic activity [21, 41] ) Walker and colleagues have suggested that sleep exerts a dual role in memory and forgetting [28, 42] . The "Sleep to Forget, Sleep to Remember" hypothesis thus poses that PS could erase ("forget") the emotional tone associated with a particular emotional/traumatic event while promoting at the same time the consolidation of the declarative/contextual aspects of this memory. This could explain why, in non-pathological conditions (unlike depression or post-traumatic stress disorder), one is able to remember a negative experience without feeling emotional or traumatized by it. However, conflicting results had been obtained while trying to test this hypothesis [27, 32] . Here, we tested the role of post-learning PS in the consolidation of recent or remote contextual fear memory in mice tested 24 hours or 30 days after conditioning. For this purpose, mice were subjected to a selective PS deprivation during 6 hours following conditioning using an automated and non-stressful deprivation method [43] . Deprivation studies present biases such as stress induction or the lack of a perfect control group, but it remains for now the only way to study the impact of sleep loss on memory. Our results suggest that such a deprivation could be sufficient to impair consolidation of remote-but not recent-fear memory, as well as the network of brain structures involved during the recall of this memory. We used the immediate early gene Egr1 (also known as Zif268, Krox-24,NGF1-A, Zenk) as an indirect marker of neuronal activity [44] to study brain activity during the recall of CFC. It has thus been shown that Egr1 expression is augmented in hippocampal and neocortical neurons when exploration of a novel environment or the induction of hippocampal LTP were followed by PS [45, 46] and after PS rebound [33, 47] . Using this marker, our findings reveal a crucial role of post-learning PS in initializing systemic consolidation for remote memory consolidation and suggest that PS plays an important role in regulating neuronal activity that may increase memory performance.
Materials and Methods

Subjects
All experiments were conducted on male C57Bl/6J mice (Charles River) between 11 and 13 weeks of age. Animals were housed in groups of two to four mice per cage for 1 week between reception and surgery. Animals had free access to food and water in a room maintained on a mean temperature of 22°C and on a 12:12 light/dark cycle (light phase between 08:00 am and 08:00 pm). The animal care and treatment procedures were in accordance with the regulations of the local (Lyon 1 University DR2013-47) and European (2010/63/EU) ethics committee for the use of experimental animals.
Surgery, polysomnographic recordings, and vigilance states quantification
One week after reception, animals were implanted with electroencephalographic (EEG) and electromyographic (EMG) electrodes in order to monitor their vigilance state [33] . They were anesthetized with an intraperitoneal injection of a ketamine (Virbac, 1 mg/kg) and xylazine (Rompun 2%, 0.5 mg/kg) cocktail. Three EEG electrodes made with steel screws (Plastics One Inc.) were implanted on parietal (AP −2 mm; ML +1.5 mm from Bregma) and frontal (AP +2 mm; ML −1 mm from Bregma) positions, as well as above the cerebellum for reference (AP −6 mm; L = 0 from Bregma). Two EMG electrodes were implanted bilaterally in the neck muscles. EMG electrodes were small gold-coated pewter spheres. All electrodes were then plugged to a female connector (Plastic One; Bilaney, Düsseldorf, Germany) and cemented to the skull. Animals were then singly housed (isolated from one another) to prevent them for gnawing implants. They were given 7 days to recover from surgery. During the recovery period, they were habituated to be handled by the experimenter for 10 minutes per day, at least 2 days before being placed in the recording chamber. At the end of the recovery period, they were placed in a 20-cm-diameter Plexiglas barrel in a sound-attenuated, ventilated, and electrically isolated chamber (40 × 40 × 60 cm), and were connected by a tether to a rotating connector (Plastic One; Bilaney, Düsseldorf, Germany). EEG/EMG activity was amplified (500X), filtered (1-100 Hz for EEG and 10-100 Hz for EMG, Alpha-Omega, Israel) and recorded continuously using a CED Power1401 converter and Spike2 (Cambridge Electronic Design, Cambridge, United Kingdom) or SleepScore (Viewpoint) softwares. EEG and EMG signals were sampled at 512 Hz. Animals freely moved in the recording chambers with free access to food and water and were housed with the same light/dark cycle and temperature than in the housing conditions. The vigilance states were manually scored post hoc in 5-second epochs using Spike2 and SleepScore softwares. Vigilance states were recorded during 4 days: 3 days before fear conditioning (allowing for 2 days of habituation and 1 day of baseline) and for 24 hours after conditioning. Three vigilance states were discriminated: (1) wakefulness characterized by strong muscular activity and fast oscillations on the EEG, (2) SWS characterized by a weak muscle tone and slow oscillations (0-4 Hz) on the EEG, and (3) PS characterized by muscle atonia and theta (4-10 Hz) oscillations on the EEG [33] .
Fear conditioning
CFC and recall sessions of this conditioning were conducted on 50 mice between 08:00 am and 09:00 am in a different room from the one they were recorded. Animals were unplugged from the connector and kept in an opaque transfer cage 3 to 5 minutes before being moved in the experimental conditioning room and placed in the conditioning chamber. For training, mice were placed in a Plexiglas conditioning chamber (25 × 25 × 35 cm, custom-made) that they were allowed to freely explore during 4 minutes prior the onset of the unconditioned stimulus (US), a 0.7 mA, 1 second duration electric footshock delivered through the grid floor. After an additional 2 minutes, mice were moved back to the recording room and placed in a barrel (30 cm of diameter × 50 cm) to be recorded and PS deprived (PSD group), or not (non-PSD control group). CFC was tested either 1 day (RECENT) or 30 days (REMOTE) after training to assess the strength of their memory ( Figure 1A ). During testing, mice were re-exposed to the conditioning chamber (context) for 6 consecutive minutes without footshock delivery. Freezing behavior, defined as a complete absence of movement, was evaluated before (pre-shock) and immediately after electric footshock delivery (post-shock), as well as during testing (contextual recall) by a custom video-based software developed under Matlab (Mathworks). Camera (PointGreyFirefly MV) had a definition of 640 × 480 pixels at 15 frames per second, and video resolution of 11.5 pixels/cm. Animal movements were assessed by calculating the number of pixels whose intensity changed more than 10 gray levels between two successive frames. The threshold of number of changing pixels/second was determined compared to manual scoring of the first animals. Video actimetry was performed with a side view for better detection. The conditioning chamber and the opaque transfer cage were cleaned after each training/testing session using respectively 70% ethanol or water.
The same procedures were carried out on two control groups (RECENT no-shock and REMOTE no-shock groups), except that animals from these groups did not receive any footshock. We used these animals as context controls, instead of home cage controls, for immunohistochemistry experiments as done previously in several studies [5, 12] .
PS deprivation
Immediately after conditioning, mice were placed in a barrel in the recording chamber and half of them were PS deprived for 6 hours (RECENT PSD, REMOTE PSD, RECENT no-shock PSD, and REMOTE no-shock PSD groups). Deprivation was performed with an automated method (see details in Libourel et al. [43] ). Briefly, this method relies on an online EEG and EMG signals analysis with the software (Spike2 or SleepScore). Several discriminant parameters of EEG and EMG recordings are calculated based on manual scoring of the recordings from the same animal in order to automatically assign a vigilance state (wakefulness, SWS or PS) for every 1 second epoch. When a PS episode is detected, a Transistor-Transistor-Logic signal is sent to a stimulation box [43] through a software developed under Matlab, waking up the animal by shaking the floor of the barrel via an electromagnet on its base. This technique is much less aversive than other methods such as an upside-down flowerpot located in a bucket of water [48] which induces stress by immobilization due to the presence of water surrounding the platform [49] . This method also prevents direct exposure to the experimenter that could also produce stress [50] .
Immunohistochemistry
Ninety minutes after the recall session, mice were deeply anesthetized with an intraperitoneal lethal injection of pentobarbital (0.2 mL; CEVA Santé animale). They were perfused successively at 7 mL/minute with 30 mL of Ringer lactate with heparin (choay, 1 mL/L) at room temperature then with 50 mL of cold (4°C) 4% paraformaldehyde (PFA; Carlo Erba) diluted in a phosphate buffer (0.1 M) at pH 7.4 the day before. Brain was then extracted and kept 24 hours in PFA 4% at 4°C then at least 2 days in a 30% sucrose solution diluted in PB 0.1 M with 0.1% natriumazide (Millipore). Just before freezing the brain, a small cut was made on the ventro-medial part of the left hemisphere in order to identify the hemispheres for immunohistochemistry analysis. Brains were then frozen at −50°C in 2-methylbutane (Sigma Aldrich) for 2 minutes and conserved less than 1 week at −20°C before being cut in 30 µm thick coronal sections at −20°C with a cryostat (Leica). Brain slices were collected in a phosphate saline buffer 0.02M with 0.3% triton (PBST), and then transferred for 1 hour in PBST with 0.03% H 2 O 2 . Slices were conserved in PBST with 0.1% natrium azide (PBST AZIDE ) until immunohistochemistry. Egr1 immunohistochemistry was conducted on all brains the same day to avoid variability. Slices were incubated with Egr1 rabbit polyclonal antibody (1:5000 in PBST AZIDE ; Santa Cruz Biotechnology, ref sc-189) for 5 days at 4°C with constant rotation, then washed and incubated with goat anti-rabbit biotinylated IgG (1:1000 in PBST, VectorLab, ref BA-1000) for 24 hours at 4°C with constant rotation. Staining was revealed using the avidin-biotin peroxidase method (1:1000; ABC kit, VectorLab) coupled to diaminobenzidine (DAB; 5 mg/mL) as a chromogen. Egr1-positive neurons were quantified blindly of the eight groups identity using the Mercator software (Explora Nova, France) on two to four sections for each structure. Because EEG electrodes sometimes slightly damaged the brain, we quantified Egr1 expression in the right hemisphere for every structure except for the prefrontal, orbitofrontal and retrosplenial cortices and the claustrum, which were quantified on the left hemisphere. An optic density threshold was chosen to quantify the density of positively labeled nuclei per structure. Egr1-positive cell density was then normalized relative to the corresponding no-shock control group value taken as 100% (for instance, REMOTE PSD mice value was normalized using REMOTE PSD no-shock mice values). We will use the term "hyperactivation" to describe a significant increase in Egr1-positive cell density in the shock group compared with the corresponding no-shock group.
Statistical analysis
Statistical tests were performed using Anastats tools (AnaStatsScop ARL, RILLY SUR VIENNE, France) and Statistica (StatSoft). Normality and homoscedasticity were evaluated respectively with Shapiro-Wilks and Bartlett tests. Behavioral results were analyzed using two-way repeated measures Analysis of variance (ANOVA) followed by post hoc Tukey test. As sleep data were non-normally distributed, they were analyzed using Kruskal-Wallis test followed by Dunn test for multiple comparisons or paired Friedman ANOVA followed by Wilcoxon signedrank test. Immunohistochemical data were analyzed using two-way ANOVAs for independent measures with Conditioning (shock vs. no-shock) and Deprivation (PSD vs. non-PSD) as main factors. Holm's correction for multiple comparisons was used on all post hoc tests.
Correlation matrices
Within each group, all pairwise correlations between Egr1+ cells density in all regions were determined by computing Fisher "r to z" transformation on the Pearson correlation coefficient. These correlations thus generated allowed us to build connectivity matrices or connectomes [9, 51] . Pearson correlation coefficients were obtained from a vector size between 7 and 13 depending on the brain regions. Statistical comparisons of each correlation of the matrices were performed by using a bootstrap analysis, that is, randomly resampling data 100 times. Correlation matrices, graphs and statistical analysis were performed in python using the package graphpype (https://github.com/neuropycon/graphpype). Graph properties were computed using radatools software (http://deim.urv.cat/~sergio.gomez/radatools.php) and displayed using PajekXXL software (http://mrvar.fdv.uni-lj.si/ pajek/).
Graph-theoretical analysis and network construction
Graph-theoretical measures were performed to characterize network properties from correlation matrices as in studies on functional or anatomical brain connectivity [52] . Network properties were computed using the 10% strongest correlations in each group. Several parameters were calculated to characterize network properties. First, the degree of a node is the number of connections of the node to all the others. The shortest path length corresponds to the minimum number of nodes that have to be passed to go from one node to another [53] . The mean path length is the mean of all shortest path length values for one given node. The betweenness centrality of a node is defined as the proportion of shortest path among all shortest paths that pass through a given node. Finally, the clustering coefficient is defined as the fraction of the node's neighbors that are also neighbors of each other [54] .
Results
PS deprivation alters remote long-term memory
In order to assess the role of post-learning PS on contextual fear memory consolidation, we conditioned mice to fear a new context and immediately exposed them to a 6-hour-long PS deprivation. This short PS deprivation allowed the animals to rapidly recover from deprivation, to avoid nonspecific effect from tiredness when tested for recall of recent memory 24 hours later. PS amount was significantly reduced in REMOTE and RECENT PSD groups compared to non-PSD groups during the deprivation period (ZT 0-6; RECENT group Kruskal-Wallis test [H = 17.287, p < 0.00001]) followed by Dunn test for multiple comparisons and Holm's correction (p = 0.00003 at ZT 0-6); for REMOTE group, KW (H = 14.764, p < 0.00001) and multiple comparison (p = 0.0001 at ZT 0-6). This PS decrease was followed by a significant increase in PS amount during 2 hours in REMOTE PSD group compared to REMOTE non-PSD group, indicating a PS rebound due to PS homeostasis (Dunn test for multiple comparisons p = 0.009 at . This increase remained nonsignificant in the RECENT PSD group (Dunn test for multiple comparisons p = 0.059). In addition, in non-PSD groups, fear conditioning was immediately followed by a transient 2 hours decrease in PS amount compared with baseline sleep (ZT 0-2; Supplementary Figure S1C-D). This conditioning-induced PS decrease was likely due to the stress felt by the animals after having been exposed to the electric footshock [55, 56] . Moreover, in PSD groups, PS deprivation was followed at ZT 6-8 by an increase in PS amount compared to baseline sleep, that was significant in the RECENT PSD group (Supplementary Figure S1A-B) .
In all groups, a significant increase in PS amount compared with baseline sleep was also observed between 8 and 10 hours after conditioning (ZT 8-10), an observation in agreement with previous studies [57] [58] [59] [60] [61] [62] We then carried out repeated measures ANOVA separately for RECENT and REMOTE groups to assess the effects of Deprivation and Conditioning. For RECENT groups, two-way repeated ANOVA showed a significant effect of Conditioning (F = 110.86; p < 0.00001) but not of Deprivation (F = 0.29; p = 0.589; n = 14 non-PSD, n = 12 PSD; memory performance expressed as a percentage of time spent in freezing; Figure 1C ). Thus, no difference was observed between PSD and non-PSD groups when memory was tested 1 day after conditioning. In contrast with recent long-term memory, PS deprivation impaired remote long-term memory performance in PSD mice compared with non-PSD animals. Two-way repeated measures ANOVA showed a significant effect of Conditioning (F = 33.19; p = 0.00001) and of Deprivation (F = 4.78; p = 0.040; n = 12 non-PSD, n = 12 PSD; Figure 1C ). Post hoc Tukey test revealed significantly less freezing time in REMOTE PSD group compared to REMOTE non-PSD group (p = 0.022). This difference cannot be attributed to differences in electrical shock reaction between groups, as no difference is observed during the conditioning session between non-PSD and PSD groups (Supplementary Figure S2) .
To investigate the differential effect of PS deprivation on recent or remote memory, we then computed the correlation coefficients between PS quantity during deprivation (ZT 0-6) or rebound (ZT 6-8) and the amount of freezing during recall. Freezing amount in the RECENT PSD group was positively correlated with residual PS amount during deprivation (ZT 0-6; Figure 2A ; Pearson correlation coefficient r = 0.645; p-value = 0.024). This correlation was not observed in the RECENT non-PSD group, but statistical comparison of correlation coefficients after Fisher z-transformation did not reveal a significant difference between RECENT non-PSD and RECENT PSD groups. Such a correlation was not observed for the REMOTE PSD group, suggesting that the remaining amount of PS during this period may be sufficient only for consolidation of recent contextual fear memory. Moreover, a positive correlation between PS amount at ZT 6-8 (during PS rebound) and the level of freezing was found in the REMOTE PSD group ( Figure 2B ; Pearson correlation coefficient r = 0.761; p-value = 0.007). The statistical comparison of correlation coefficients of REMOTE PSD and REMOTE non-PSD groups after Fisher z-transformation revealed a significant difference (p = 0.009). Such correlation was not observed in the RECENT PSD group, suggesting a specific role of PS rebound on remote memory consolidation. Altogether, these results suggest that different periods of post-learning PS may be involved in different forms of memory consolidation (recent vs. remote).
Brain activity during retrieval
We next assessed the impact of PS deprivation on the organization and reorganization of cortical and sub-cortical networks involved during the consolidation of RECENT or REMOTE memory. In order to characterize neuronal populations activated during retrieval of these two types of memories, we used the immediate early gene (IEG) Egr1 as an indirect marker of neuronal activity. Using this marker, we then analyzed the distribution of Egr1-positive neurons in 12 cortical and sub-cortical structures divided into 27 sub-regions following classical anatomical criteria (Paxinos and Franklin, 2nd edition). We carried out this analysis blindly of the group identity. The density of Egr1-positive neurons in test groups was quantified as a percentage relative to the density of nonconditioned animals (not exposed to footshock but solely to the conditioning context) in order to assess basal neuronal activity associated with the sole exposure to the conditioning context [5, 12] . All statistical values obtained from ANOVAs tests (Fisher ratio (F) and p-values [p]) are resumed in Supplementary Table S1 . First, in all 27 areas except one, we did not observe an effect of PS deprivation in the density of Egr1-positive neurons in nonconditioned animals (Supplementary Figure S3) . We then examined the effect of post-learning PS deprivation in the dHPC and related networks of conditioned animals. ANOVAs showed a significant effect of Conditioning on the activity of the dHPC (dorsal CA1 A significant increase in the density of Egr1-positive cells in the dCA3 was observed for non-PSD animals (p = 0.002, top right), whereas only a nonsignificant trend towards such increase was observed in the PSD group (p = 0.061).
In contrast, we did not find any increase in the density of Egr1-positive cell in the dCA1 when animals were tested 30 days after conditioning (REMOTE groups), whether animals were PS deprived or not ( Figure 3B ). ANOVA revealed also a significant effect of Conditioning on DG activity in REMOTE animals (F 3,36 = 5.70, p = 0.022, Figure 3B ), but no significant effect of Deprivation (F 3,36 = 3.05, p = 0.089). However, post hoc is a major anatomical and functional relay between the dHPC and the prefrontal cortex [63] [64] [65] [66] [67] , and is potentially involved in recall of remote fear memory [9] . A significant effect of Conditioning (F 3,32 = 9.85, p = 0.004) but not Deprivation (F 3,32 = 1.53, p = 0.2253) was observed on Re activity during recall of recent memory. However, post hoc t-test revealed a significant increase in Egr1-positive cell in Re only in the PSD group (p = 0.027) whereas only a nonsignificant trend for such increase was observed in the non-PSD group (p = 0.081). A significant increase in the density of Egr1-positive cells in the Re was observed in the REMOTE PSD group compared to noshock group (ANOVA (Conditioning)
We then assessed the density of Egr1-positive cells in areas of the PFC involved in fear conditioning: the ventral orbitofrontal cortex (VO), the ACC, as well as the prelimbic (PL) and the infralimbic (IL) areas ( Figure 4B ). We computed the density of labeled cells separately in the deep and superficial layers of these areas (see Methods). In the RECENT groups, ANOVAs revealed a significant effect of Conditioning on the activity of the deep layers of PL (PLdl) and IL (ILdl) cortices ( Table S1 ).
For REMOTE groups, ANOVAs revealed a significant effect of Deprivation (F 3,36 = 6.14, p = 0.018), Conditioning (F 3,36 = 4.94, p = 0.033) and of the interaction between these two factors (F 3,36 = 6.14, p = 0.018) on the density of Egr1-positive cells of the ACC superficial layers (ACCsl, Figure 4B top left). Post hoc t-test showed a significant increase in the density of Egr1-positive cells in the ACCsl in the non-PSD group compared with PSD group (p = 0.009), but this increase remained not significant compared to no-shock group (p = 0.045) due to correction for multiple comparisons. On the contrary, the density of Egr1-positive cells was increased in superficial layers of VO (VOsl) in REMOTE PSD animals compared to non-PSD and no-shock groups (ANOVA: Altogether, the results in the dHPC, Re and PFC suggest that few hours of post-learning PS are critical to the future reorganization of the hippocampo-prefrontal network involved in the long-term consolidation of remote memory. We next measured Egr1 expression in several cortices known to be involved in memory processes: the agranular (RSA) and granular (RSG) retrosplenial cortices and the lateral entorhinal cortex (LEC; Figure 5 ). We also analyzed Egr1 expression in the claustrum (Cla), an extensive cortical input previously shown to be involved in cortical activation during PS [47] . ANOVA showed a significant effect of Conditioning on the activity of the deep layers of the LEC (LECdl) during RECENT recall ( Figure 5B ; F 3,36 = 8.76, p = 0.005). However, post hoc t-tests did not reveal any significant increase in the density of Egr1-positive cells in this region in non-PSD (p = 0.046) and PSD (p = 0.042) conditions due to correction for multiple comparisons. In the REMOTE condition, ANOVA showed a significant effect of Conditioning on the density of Egr1-positive cells in the superficial layers of the RSG (RSGsl; F 3,34 = 4.56, p = 0.04). Post hoc t-test revealed a significant reduction of activity in this region in non-PSD animals (p = 0.035), that is not observed in PSD animals (p = 0.399). Thus, PS deprivation prevented the apparent disengagement of RSG during consolidation of remote memory but had a weaker effect on these cortical areas than on prefrontal cortical areas (VO and ACC).
We finally investigated the activity of two structures known to play an important role in the processing of emotional information, the amygdala and ventral HPC (vHPC; Figure 6 ). ANOVAs showed a significant effect of Conditioning on the activity of the basolateral (BLA), lateral (LA), and central (CE) nuclei of the amygdala in the RECENT groups ( Figure 6B In the REMOTE groups, ANOVAs revealed a significant effect of Deprivation, Conditioning and of the interaction between these two factors in the BLA and ventral CA1 (vCA1; Figure 6B ; Deprivation: Taken together, these results show that brain structures known to play an important role in emotional processes (i.e., amygdala and vHPC) may be hyper-activated in REMOTE PSD animals compared to REMOTE non-PSD. In addition, PS seems to exert a specific effect on remote memory consolidation as we do not see any difference between RECENT non-PSD and RECENT PSD animals. These results thus highlight a selective role of postlearning PS in remote memory consolidation.
Network connectivity analysis
The modulation of Egr1-positive cell density we observed could reflect potential co-activities between different brain areas during the recall of recent and remote memory. In order to examine such network co-activation, we computed the correlation of the density of Egr1-positive cells between all different areas. We calculated Pearson correlation coefficient between all areas, performed a Fisher "r to Z" transformation and computed correlation matrices for all experimental groups using Z value as an index of correlation strength (Supplementary Figure S5A) . Our results revealed that the REMOTE non-PSD network presented the smaller amount of significant correlations compared with REMOTE PSD network and RECENT networks. Moreover, we found an opposite effect of PS deprivation in our RECENT and REMOTE conditions. Post-learning PS deprivation seems to diminish the total number of significant correlations during the recall of recent memory, whereas it seems to enhance the number of significant correlations during the recall of remote memory (Supplementary Figure S45B) . In the REMOTE condition, this effect was mainly observed in cortical networks (correlations involving PL, IL, RSA, RSG, VO, and LEC). We then used graph analysis methods to characterize more precisely the organization of activation in neuronal networks involved during Tables S2 and S3) [9, 54] .
Using graph analysis methods, our results showed that VOsl is the main hub in the network of REMOTE PSD animals with the highest degree and betweenness centrality (see Methods; Figure 7 ; Supplementary Table S2) , while this area is only a minor hub in the network of REMOTE non-PSD animals. Concerning graph properties of the whole network, PS deprivation significantly reduced both clustering coefficient and mean path length in the RECENT and REMOTE groups (Supplementary Table S3 ). These results thus suggest that PS deprivation reorganizes this functional contextual fear memory network from a regular set (non-PSD group) to a more random set [54] . Overall, these results are in accordance, and further extent, our analysis of Egr1-positive cell density revealing a stronger activation of memory networks in REMOTE PSD compared with REMOTE non-PSD mice, in particular in the VOsl.
Discussion
In the present study, we reveal that a short and specific PS deprivation given immediately after CFC is sufficient to impair remote-but not recent-long-term consolidation of this emotional memory (Figure 1) . By analyzing the expression of the IEG Egr1 in a large number of cortical and sub-cortical areas involved in memory processing, we also showed that neuronal populations of the ACCsl are less activated during retrieval of remote long-term memory after post-learning PS deprivation. In contrast, after such deprivation, retrieval of remote long-term memory activates several areas involved in fear-related processing such the vCA1, the BLA, and the VOsl [68] [69] [70] [71] . These findings pinpoint an important role for post-learning PS in the systemic long-term consolidation and transformation of emotional memory traces.
Methodological considerations: sleep deprivation
Since the discovery of PS, deprivation protocols have been very commonly used to study PS role in memory [22, 33, [72] [73] [74] [75] . Several deprivation methods have been developed, all of which have certain disadvantages: the inverted flowerpot method induces a high level of stress [76, 77] ; the moving disc impacts SWS quantity [78] [79] [80] [81] ; the gentle handling forces the experimenter to stay next to the animal, which disturbs SWS [76, 82, 83] . For these reasons, the deprivation studies using these methods were somehow biased, because it is difficult to separate the impact of sleep deprivation from the disturbances caused directly by the deprivation method: stress due to water or immobilization, and reduction/fragmentation of SWS. The method used in the current study is close to the method developed by Datta et al. [72] that allowed a specific and non-stressful PS deprivation, with the main difference that ours is triggered by a learning algorithm which automatically detects PS episodes. As these last deprivation methods are specific and non-stressful, the challenge now resides in choosing adequate control group(s). Indeed, it is still difficult to differentiate between the impact of PS loss specifically, and the impact of the deprivation protocol per se, meaning the interruption of ongoing consolidation processes, independently of them occurring during PS or not. In the present study, we chose non-stimulated control groups, in order to compare PS deprived animals to a condition of normal uninterrupted sleep. But these groups do not control the impact of the deprivation protocol per se. For this purpose, an additional control group would be required, in which animals are randomly stimulated during the deprivation period, independently of them being in PS or not. But such a protocol would impact SWS by waking up the animals during this sleep stage, leading to its fragmentation and reduction. Moreover, impacting SWS could decrease PS amount. In future studies, appropriate control groups will be constituted by the selective stimulation during wakefulness, thus sparing SWS as much as possible, or random stimulation sparing SWS. However, even a control group with stimulation during wakefulness, does not guarantee an absence of change in sleep amounts, which is the consequence of the homeostatic nature of sleep.
Differential role of post-learning PS for recent and remote memory consolidation
One of our findings is that remote memory but not recent memory is critically dependent on post-learning PS ( Figure 1C ). This result cannot be attributed to stress or tiredness resulting from PS deprivation because memory would have been affected when tested 24 hours after learning, as observed in a previous study investigating the impact of stress on contextual fear memory consolidation in mice [84] . As non-PSD animals did not receive any stimulation during the deprivation period, it is therefore possible that the waking stimulations themselves impaired memory consolidation, independently of interrupting PS. A group of animals randomly stimulated during the deprivation period could help to fix this issue (see paragraph above). Our result seems in opposition with previous results showing in rats an impact of PS deprivation in the consolidation two types of learning paradigms. Indeed, post-learning PS deprivation produced a decrease in the percentage of avoidance in a two-way active avoidance task [72] , and a decrease in freezing amounts in CFC when memory was tested 24 hours after learning [33] . However, these studies, in contrast with the present study, used manual deprivation methods that induced a more drastic suppression of PS. Indeed, our automated deprivation allowed animals to enter PS, and therefore to display a small amount of remaining PS during deprivation ( Figure 1B) . Interestingly, our results showed a positive correlation between memory performance and this remaining amount of PS during the deprivation period in the RECENT PSD group (Figure 2A ). This result suggests that the residual amount of PS that was not suppressed by the automatic deprivation method used in the present study could be sufficient for the consolidation of recent contextual fear memory. As this correlation was not observed in the RECENT non-PSD group, this supports the idea that PS amount would be an additional factor regulating consolidation under normal conditions [33] . As reported earlier in a two-way avoidance task in rats [72] , behavioral deficits associated with PS deprivation can be overcome by artificially inducing pontine waves (p-waves) which are PS phasic events. Because of the very small amount of residual PS in the RECENT PSD group (Figure 1B) , the occurrence of these electrophysiological events could be more closely linked to PS quantity than in normal conditions, thus leading to a correlation between PS amount and memory performance (Figure 2A ). In the REMOTE PSD group, behavioral performance was not correlated with the remaining PS amount during deprivation, but with PS amount during the first 2 hours of rebound (ZT 6-8; Figure 2B ). Nevertheless, this could not allow all the animals to fully compensate the effect of PS deprivation, as behavioral deficits were observed in the REMOTE PSD group ( Figure 1C) . As for the results in RECENT groups, no correlation was observed for non-PSD animals ( Figure 2B ). The statistical comparison of correlation coefficients of REMOTE PSD and REMOTE non-PSD groups after Fisher transformation revealed a significant difference. This again suggests that memory performance is not directly linked to PS amount under normal conditions. Overall, it is possible that recent consolidation may depend on short events such as p-waves, mainly distributed at the beginning of PS episodes [85] , and thus would not need long episodes of PS to efficiently consolidate recent memory. The short episodes of PS occurring during deprivation would thus be sufficient to compensate the deprivation effect for recent memory but not for remote memory. On the contrary, remote consolidation would depend on mechanisms evoked by repetitive activation that preferentially induce long-term forms of synaptic plasticity such as late-LTP, a potential cellular model for remote memory [86] .
What are potential mechanisms that may explain the different roles of post-learning PS in the consolidation of recent or remote long-term memory? Recent studies suggest that BDNF could play an important role as this trophic factor is required for hippocampal forms of remote long-term memory [86] . Importantly, it has been shown that PS amount regulates hippocampal BDNF expression [47, 87] : PS deprivation decreases BDNF expression while PS rebound increases it. Thus, both post-learning PS and PS rebound after deprivation may induce an increase in BDNF expression. In addition, BDNF is also required for late-LTP since blockade of BDNF signaling dramatically impairs late-LTP but not early-LTP [88, 89] . Thus, PS-induced potentiation of BDNF expression could facilitate the switch from early-LTP to late-LTP, which, in turn, may enhance the consolidation of remote long-term memory. However, it seems important to note that the behavioral effect of PS deprivation observed in the present study seems tenuous, as its significance depends on the statistical test realized (significant with a two-way ANOVA, but not with a three-way ANOVA including Long-term memory (RECENT vs. REMOTE) as a factor). Our main results concern the impact of PS deprivation on the systemic reorganization of circuits underlying the recall of remote memory.
Long-term modulation of neuronal activity in limbic areas by post-learning PS
Using the expression of Egr1 as an indirect marker of neuronal activity, we quantified the density of neurons expressing Egr1 (Egr1+) in a large number of limbic and cortical regions during retrieval of recent and remote memory. To assess the level of brain activity specific to the retrieval of these emotional memories, we compared our test groups with control context groups (no-shock controls, see Methods) as previously done in other studies [5, 10, 12] . We chose to use Egr1 instead of others IEG because of two main reasons. First, we based our work on several studies using either c-Fos or Egr1 [5, 9, 45, 46] . Egr1 presents a higher basal expression than c-Fos allowing to detect an increase as well as a reduction of activity in a given brain area [6, 33] . Secondly, a previous study from our team showed an important effect of PS deprivation on Egr1 expression in the ventral HPC [33] , one of the main regions of interest in our present study. Concerning no-shock control groups, PS deprivation had a significant effect on Egr1 expression in only one region (CE) on the 27 studied regions, and only in the RECENT group (Supplementary Figure S5) . Thereby, almost all of the results obtained in our experiments (Figures 3-6 ) can be attributed to the impact of PS deprivation on emotional learning. As expected, we observed a significant hyper-activation (i.e., an increase in the density of Egr1+ cells) of the dHPC when animals were tested 24 hours after conditioning ( Figure 3B ), a result in agreement with several studies showing an involvement of this structure in the recall of recent memory [4, 5, 12, 16] . Moreover, recent studies also reveal a progressive involvement of several midline thalamic nuclei in fear memory retrieval [9, 10, 90] . Among them, the Re may play a crucial role in the interaction between the dHPC and the PFC during systemic consolidation, as it is the most important anatomical link between these two distant structures [91] . We did not see any effect of Conditioning or Deprivation on the activity of the Re in our RECENT groups ( Figure 3B ). However, likely due to the small amount of Egr1+ cells in some of these areas, the variability of the results observed in several thalamic areas in our RECENT groups was important (Supplementary Figure S3) . Overall, our results did not reveal any significant effect of PS deprivation on consolidation of RECENT long-term memory. Both the memory performance and the level of Egr1 expression seem thus similar in deprived and non-deprived RECENT groups. On the contrary, our study revealed important differences in Egr1 expression during recall of remote memory between PSD and non-PSD animals. First of all, a significant hyper-activation of the DG and Re were observed in the REMOTE PSD, but not in the REMOTE non-PSD group ( Figure 3B) . Interestingly, in addition to DG activation, there was a trend toward dCA3 activation in REMOTE PSD animals ( Figure 3B ; p = 0.07). This stronger activation of DG and dCA3 in REMOTE PSD mice was also observed in our connectome analysis. Indeed, both of these regions showed an enhanced number of significant correlations in PSD compared to non-PSD mice (Supplementary Figure S5) . Finally, our graph analysis identified dCA3 as a major hub of brain activity during recall of REMOTE PSD mice (Figure 7 ; Supplementary  Table S2 ). Altogether, these results strongly support an important role of dCA3 and DG for recall of remote memory when mice are PS deprived after conditioning. The hyper-activation of part of the dHPC and of its principal relays to the PFC thus suggests that PS deprivation might have altered the transformation of the memory trace from a dHPC based trace to a PFC based one.
In addition to the dHPC, a significant hyper-activation of the vHPC is observed in REMOTE PSD animals ( Figure 6B ). This hyperactivation is much stronger in the vCA1 area, where it is also significantly higher compared to non-PSD animals. A previous study from our team revealed that vCA1 was strongly activated following PS rebound [33] .The hyper-activation of this structure observed in the REMOTE PSD group could thus be due to PS rebound following deprivation. However, we did not reveal any significant correlation between vHPC activation and PS amount during rebound in the REMOTE PSD group (data not shown) and this PS rebound hyper-activation was short-lived [87] . In consequence, we found no support for such PS-dependent effect. Moreover, in addition to vHPC, we also see hyper-activation of the BLA in REMOTE PSD group compared to non-PSD and noshock groups ( Figure 6B ). The vHPC and the amygdala are essential areas of the limbic emotional network known to be involved in the expression of fear and anxiety [89] [90] [92] [93] [94] [95] [96] [97] [98] [99] [100] . According to the "Sleep to Forget, Sleep to Remember" hypothesis [28, 42] , PS could be crucial for the long-term reduction of activity in emotional brain areas that are activated after a traumatic/emotional event. This reduction of activity would thus lead to a decrease in the emotional tone associated to the memory of this emotional event [28] . This suggests that the first hours of post-learning PS could be crucial to initiate the decrease in excitability in this emotional network required for the transformation of the trace in remote long-term memory. Moreover, it has been shown that the BLA would be specifically involved in CFC, in opposition to the LA whose activity would be more specific of cued fear conditioning [94, 101] . As the hyper-activation of the amygdala was only observed in the BLA (Figure 6B ), this strongly suggests that activation of the amygdala was driven by regions involved in the processing of contextual information such as the dHPC and retrosplenial cortex, which were also more activated in REMOTE PSD than in REMOTE non-PSD mice ( Figures 3B and  5B ). This overall hyper-activation of the emotional network in the REMOTE PSD group seems paradoxical as the animals expressed less emotional behavior (freezing) than REMOTE non-PSD animals. No modulation of locomotion or escape behavior was found in deprived mice. One possibility is that mice expressed fear in a different way than freezing or locomotor behavior, such as ultrasound vocalizations [102] or variability in heartbeat. Indeed, we did not control the actual emotional state of mice during recall, for example by measuring such vocalizations or corticosterone levels. Therefore, we cannot conclude that the emotional network hyper-activation we observed in REMOTE PSD animals led to higher emotional arousal. By what mechanisms PS deprivation may lead to the hyper-activation of emotional networks in REMOTE PSD group? It is well known that PS plays an important role in the homeostasis of hippocampal excitability, by decreasing pyramidal cell activity during sleep [103] [104] [105] [106] . Thus, the enhanced expression of Egr1 in emotional limbic areas at recall of remote memory could result from a decrease in the sleep-dependent excitability homeostasis during post-learning period of PS deprivation. In accordance to these results, a cortical model of optimization during the sleep-wake cycle has been recently proposed in which PS could decrease the neuronal energy budget following the free energy principle [107] . Altogether, the results we obtained in limbic areas strongly support a crucial role of immediate post-learning PS in initiating the reduction of activity in the emotional network observed at remote delays.
Reorganization of cortical networks by post-learning PS
Our findings suggest that post-learning PS is involved in the laminar reorganization of the cortical network involved in the long-term consolidation of remote memory. All cortical effects of PS deprivation were observed in the superficial layers, suggesting a more important role of PS in the regulation of cortico-cortical connections. Notably, neuronal populations of the ACCsl were more activated in the REMOTE non-PSD group than the REMOTE PSD group. Several studies have shown a cortical laminar reorganization during the long-term consolidation of remote memory [6, 107] . This systemic consolidation by cortical laminar reorganization tends to facilitate information transfer through cortico-cortical connections instead of cortico-sub-cortical pathways. Thus, the long-term storage of remote memory could be accomplished via a laminar redistribution of activity or plasticity and strengthening of cortico-cortical connections without an energy consuming increase in the global activity of cortical areas [1] . Moreover, mPFC, and particularly the ACC, has been shown to exert an inhibitor control on amygdala activity [108] that could explain the decreased activity of the BLA we observed at remote delays in the non-PSD group ( Figure 6B ). In consequence, the lack of activation of the ACC when mice are PS deprived ( Figure 4B ) could result in the BLA hyper-activation in our REMOTE PSD group. However, this interpretation needs to be confirmed by further experiments, as no significant hyperactivation compared to no-shock group is observed in the ACCsl of REMOTE non-PSD animals.
In opposition to the results obtained in the ACC, we observed a hyper-activation in the VOsl in REMOTE PSD animals compared with REMOTE non-PSD and no shock controls ( Figure 4B ). Moreover, our graph analysis revealed that VOsl is the most important hub of REMOTE PSD network, with the highest degree (number of connections with other nodes) and the highest value of "betweenness centrality" (Figure 7 ; Supplementary Table S2) . Betweenness centrality value is linked to the number of total shortest paths passing through the node, and is thus an indicator of its functional centrality. This unexpected result provides further evidence of the already known involvement of the orbitofrontal cortex in emotional processes [68, 69, 74, 75, [109] [110] [111] [112] , and particularly in fear conditioning in both rodents and human [70, 113] . Indeed, the interaction of VO with the amygdala seems important for the acquisition of CFC in humans [113] . Our data thus confirm that the recall of remote contextual fear memory after post-learning PS deprivation would involve a more emotional network not only in sub-cortical structures (vCA1, BLA), but also in neocortical areas. Altogether, our findings concerning cortical activity suggest that post-learning PS could tag the cortical network that supports with time the consolidation of long-term remote memory. The disruption of this post-learning PS would lead to a switch from an "ACC-based" memory trace to a "VO-based" trace for recall of remote memory, thereby driving a stronger activation of limbic emotional areas. It has indeed recently been shown that prefrontal involvement in memory processing occurs very early in the dynamic of memory formation [114] .
Contextual fear memory network connectivity
Using graph analysis methods to quantify Egr1 results ( Figure 7 ; Supplementary Table S2 and S3), we revealed that post-learning PS selectively increases the clustering coefficient. The clustering coefficient quantifies the number of connections between the nearest neighbors and reflects the number of possible triangles within the graph. Random networks have low clustering coefficient whereas complex networks and regular lattice have high clustering coefficient. Thus, this increase in clustering in non-PSD groups compared with PSD groups suggests that PS may increase the complexity level in the networks involved in emotional memory. The graph analysis also indicates an increase in mean path lengths by post-learning PS in recent and remote long-term memory. Path length is the minimum number of edges that must be traversed to go from one node to another. In contrast with random and complex networks (such as "small world") which have short mean path lengths, regular networks (lattices) have long mean path lengths [54] . PS would thus tend to regularize networks involved in emotional long-term memory, meaning that all neighbors (here sub-cortical and cortical areas) are more connected by post-learning PS, without shortcut as in small worlds. The main functional advantage of lattice organization could be to reduce the level of synchronization and propagation of activity in brain networks. This decrease in dense code and increase in sparseness could reduce the neuronal energy budget of the neuronal populations in the limbic areas. Altogether, these results suggest a new role for PS in long-term emotional processing by enhancing memory, decreasing the amount of activity in limbic areas and reducing the complexity of functional limbic networks, according to the proposed role of the free energy principle in sleep function [115] .
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